It is shown that by using a wedge plate, the incident direction of light propagation can be rotated as necessary while still preserving beam polarization. The basic conditions of these preservations of polarization are deduced. For numerical demonstration, it is shown that a collimated beam with +45 linear polarization can be guided to any pre-settled direction where the square of ellipse ratio variation in the polarization is less than 0.0001%, while the variation of squared ellipse ratio of a right circular polarization beam is kept under 0.1%. #
Introduction
In many practical applications in optics where manipulation of light is essential, preserving the polarization of a beam of light after propagation is critical and has been used in a variety of fields such as biological tissue light probes, or ellipsometers for refractive index, film thickness measurement, etc.
1,2) When light is propagated, displaced, or deflected, its polarization is usually changed. For example, when light bounces off a reflective mirror, the reflection introduces an additional phase that alters the polarization of the light beam. In the literature, Azzam suggested solutions to displace a monochromatic light beam parallel to itself without change of polarization by utilizing a pair of parallel mirrors with a single dielectric layer coating. 3, 4) On the other hand, Cojocaru 5) and Wang et al. 6) proposed the designs of coating layers with totally reflecting prism to provide several convenient and efficient methods to control the phase retardance. Meanwhile, Galvez presented the combinations of four totally reflecting prisms to preserve polarization.
7)
Galvez' scheme has benefits in achromatic application and very good tolerance which can preserve the polarization with a square of ellipse ratio variation of less than 1% while one degree of component tilt occurs.
8) These early studies provide very useful schemes to maintain polarization, but they generally focus on the displacement of a light beam, i.e., when the propagating direction of a displaced beam is parallel to the original beam. However, angular shifting is generally employed to reduce the optical path of beam propagation and hence the system size, which has practical value. Technically, polarization-preserving angular shifting provides more flexibility in optical engineering applications, e.g., a polarized light probe with angular incident injection could provide another useful scheme in exploring 3D structure and response. However, it remains quite uncertain and difficult to deflect the beam direction while maintaining the state of polarization using this technique. Recently it has been shown that by using a wedge plate, it is possible to provide a different scheme of a polarization-preserving beam angular shifter.
9) A polarization-preserving wedge has an advantage in manufacture and has better extendibility on the applications of polarization controlling mechanisms while the plate provides both spatial and angular shift of the beam propagation path; and furthermore, a zero vertex angle can reduce a wedge angular shifter to become a beam displacer.
However, we had shown in ref. 9 the deduction of polarization-preserving issue of the wedge plate was still limited to the cases of even-time light bounce (reflection within wedge plate) and linearly polarized incident light. Hence, it is worthwhile to evaluate the situation of oddnumber reflection as well as the other case of polarization, e.g., circular polarization. On the other hand, the variation of index of refraction may be crucial in practical applications and hence, the investigation of tolerance on this factor is also provided.
This paper is organized as follows. Section 2 provides basic formalism of polarized ray tracing in dielectric-filled material. Section 3 presents the issue of polarization conservation and its conditions. Section 4 shows the simulation verification. Section 5 investigates the tolerance issue of manufacturing accuracy and incident beam angle and refractive index, and the final section contains conclusions.
Basic Principle: Propagation Formalism of Polarized Light with the Muller Matrix
For completeness, let us first summarize the general properties of a polarized ray propagating in a dielectric-filled material. According to Fresnel's equations, the transmitted and reflected fields of a light beam on an air-dielectric interface follows:
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In eq. (1), E, R, and T represent the incident, reflected, and refracted fields, and the subscripts s and p denote the parallel and perpendicular directions, respectively. i is the incident angle, t is the angle of refraction, and n is the refractive index of the dielectric medium.
The Stokes parameter provides the formulism of the Mueller matrix for the reflection and refraction on an airdielectric interface from eq. (1). Referring to ref. 11, the Mueller matrix of transmission on the air-dielectric interface is
where Â AE ¼ i AE t , and for total internal reflection it follows that
where
Equations (2) and (3) govern the variations of polarization as a light ray interacts within a dielectric-filled material.
Design Rules
The key concern is: How can we design an optical component that is capable of guiding a ray to a special angular direction while simultaneously preserving its polarization? Technically, the total phase delay (or phase shift) during ray propagation must be kept as 2, or an integral multiple of 2, and the deflected angle between the exit and incident beams should match the designed value. It has been shown that a wedge plate is a possible candidate to achieve this goal.
9)
Referring to ref. 9, and much like the wedge plates considered in refs. 12 and 13, Fig. 1(a) shows that a ray is incident to the narrow side of the wedge plate as long as the incident angle when the ray first strikes the top wedge surface is greater than the total internal reflection angle c . This ray can continuously propagate between the top and bottom surfaces of the wedge plate until it reaches the wide side (or the exit surface). To avoid unnecessary complexity, the wedge input and exit surfaces were cut such that their directions of surface normal are the same as the directions of incident and exit beams, respectively.
In Fig. 1(a) , i is the angle between the ray propagation direction and the horizontal axis after the ith total internal reflection, i is the incident angle before the ith total internal reflection, v is the wedge vertex angle, and n is the refractive index of the plate material. Before leaving the wedge plate, this ray encounters m times of total internal reflection. Figure 1(a) shows that one ray finally escapes from the top surface of the wedge plate and m is an even number. However, another possibility will also come up. Figure 1(b) shows that ray incidents in to the wedge and escapes from the bottom surface of the wedge plate. In this case, this ray will encounter odd times of total internal reflection during the propagation. The geometry in Figs. 1(a) and 1(b) shows that i ¼ 1 þ ði À 1Þ v , i ¼ 90 À i À v (when i is even) or i ¼ Àð90 À i Þ (when i is odd), and the ray deflection angle for m times of reflection is Á ¼ 0 À m ¼ m v (when i is even) or Á ¼ 2 0 À m v (when i is odd). In short, 
